Abstract The ascomycetous dark septate endophytic (DSE) fungi characterized by their melanized hyphae can confer abiotic stress tolerance in their associated plants in addition to improving plant growth and health. In this study inoculation of the DSE fungus Nectria haematococca Berk. & Broome significantly improved all the plant growth parameters like the plant height, stem girth, leaf characteristics and plant biomass of drought-stressed tomato. Root characters like the total root length, primary root diameter, 2nd order root number and diameter, root hair number and length were also significantly influenced by the fungal inoculation. Nevertheless, N. haematococca inoculation did not affect root colonization by native arbuscular mycorrhizal (AM) fungi and no significant correlation existed between the AM and DSE fungal variables examined. The proline accumulation in shoots of N. haematococca inoculated plants was significantly higher than uninoculated plants. The present study clearly indicates for the first time the ability of the DSE fungus, N. haematococca in inducing the drought stress tolerance and promoting the growth of the host plant under water stress.
Introduction
A diverse range of fungi colonizes plant roots growing in natural soils. Of these, the dark septate endophytic (DSE) fungi which are often the conidial or sterile ascomycetous fungi, colonize healthy root tissues of plants, both inter and intracellularly without causing any obvious negative effects, such as tissue distortion, or forming any typical mycorrhizal structures [1] . Melanization of the septate hyphae and microsclerotia gives DSE their characteristic dark colour. Studies have also shown that the colonizing septate hyphae of the DSE fungi at times may also be hyaline [1] . However, the hyaline hyphae were found to be continuous with stained or melanized structures [1] . Several studies have demonstrated the plant growth promoting ability of DSE fungi in different plant species (see [1] and references therein); however, the role of these fungi in imparting stress tolerance in plants against different types of biotic or abiotic stresses is not adequately explored. Further, Newsham [1] in his meta-analysis on the response of plants to DSE fungal association emphasized the need to understand how the parameters like plant height and root length which determine the fitness in plants growing under natural conditions respond to DSE inoculation, as there are few studies that have assessed these variables. The arbuscular mycorrhizal (AM) fungi belonging to Glomeromycota are the most common colonizers of plant roots than DSE fungi and both these fungi often coexist within the same root system [2] . Arbuscular mycorrhizal fungi aids plants in the acquisition of water and nutrients especially the phosphorus (P), nitrogen (N) and other micronutrients from the soil in exchange for host carbon. These fungi also protect the host plant against various types of environmental stresses [3] . Therefore it is essential to understand the interaction between these fungi as they share the same niche within plant roots.
Nectria haematococca Berk. & Broome, the perfect state of the ascomycetous fungus Fusarium solani (Mart.) Sacc. belongs to the ''F. solani species complex'' that includes more than 50 species [4] . Many members of this complex cause disease in more than 100 genera of plants and are also opportunistic pathogens of humans [5] . Nevertheless, N. haematococca occurs as endophytes in roots of several plant species [5, 6] . Nectria haematococca is the dominant (18.4%) endophyte colonizing the roots of Panax ginseng Meyer [6] and metabolites of this fungus possess antibacterial activity against bacterial pathogens [7] . We had earlier isolated N. haematococca from healthy root tissues of Chrysanthemum indicum L., growing in Western Ghats region of southern India. The test plant tomato (Solanum lycopersicum L.) used in the present study is not only a widely used vegetable in the world; it is also a popular research material and a model plant in many biological studies. Previous studies do indicate that roots of tomato can be simultaneously colonized by both AM and DSE fungi [8] . As root colonizing DSE fungi are known to improve plant growth and stress tolerance in plants we investigated the effect of the fungal endophyte N. haematococca on the growth of tomato plants subjected to drought stress together with the status of natural association with AM fungi.
Materials and Methods

Seed Material, Fungus and Plant Culture
Seeds of tomato (var. CO-2) were obtained from Tamil Nadu Agricultural University, Coimbatore, India. Six seeds were sown in each plastic containers (9 9 6 cm) containing 273.5 g of normal field soil. Alfisol soil for the experiment was collected from the Botanical Garden of the Botany Department, Bharathiar University, Coimbatore, India. The Alfisol soil had a pH of 7.30 (1:3, soil: water), an electrical conductivity of 0.40 dSm -1 , 119 mg/kg of total N, 9.4 mg/kg of available P and 320 mg/kg of exchangeable potassium (K) as determined by standard methods [9] . After germination, the seedlings were thinned to four seedlings per container.
The seeded containers were irrigated with tap water to maintain the soil moisture at field capacity. N. haematococca strain RSL02 (GenBank: KU355862.1) isolated from the roots of C. indicum and maintained on Potato Dextrose Agar (PDA) medium at 26 ± 2°C was used in the study.
Estimation of AM and DSE Fungal Propagules in the Experimental Soil
The number of AM and DSE fungal propagules per gram of the experimental soil was quantified using the most probable number (MPN) technique [10] and were expressed as the number of AM/DSE infective propagules per gram of soil. The experimental soil had 180 propagules of AM fungi and 107 propagules of DSE fungi per gram of air-dried dry soil.
Preparation of DSE Fungal Inoculum
A carrier-based inoculum of N. haematococca was prepared and used for the study. The fungus was cultured in potato dextrose broth for 2 weeks. The fungal mat was washed, dried and mixed with the carrier talcum powder in the ratio of 1:10. To this mixture, 5 g of carboxy methyl cellulose per 50 g of the carrier was added, mixed and stored under refrigeration at 4°C.
Experimental Design
The drought stress tolerance of tomato plants was assessed with and without inoculation of the fungal endophyte in unsterilized soil. Three grams of the fungus inoculum containing 6 910 6 colony forming units per gram was layered 1 cm below the seeding hole. Experimental treatments included: negative control-only unsterilized soil without carrier or fungal inoculum, positive control-unsterilized soil with carrier and N. haematococca inoculated -unsterilized soil inoculated with carrier-based N. haematococca inoculum. Ten replicates were maintained for each treatment with four plants in each container (replication) during the experimental period. The treatments were arranged in a completely randomized block design and the plants were maintained under normal irrigation (field capacity) until 6 weeks of growth in a poly house under natural conditions. After 6 weeks, the plants were subjected to five continuous drought cycles before harvest. The drought cycle was induced by withholding water for 2 days allowing the soil to completely dry before watering.
Harvest and Measurements
After 2 days of the fifth drought cycle, the plants were harvested and five replicates from each treatment were chosen randomly for the measurement of shoot and root growth parameters. Leaf area was measured according to Pandey and Singh [11] . Proline content of the plant samples (shoot and root) was estimated according to Sadasivam and Manickam [12] and expressed for fresh weight using the formula: Proline (lmoles/g tissue) = (lg proline/ml 9 ml toluene/115.5) 9 (5/g sample); where 115.5 is the molecular weight of proline.
A weighed portion of each root system was taken and fixed in formalin-acetic acid-alcohol (FAA) solution for the assessment of the endophytic fungal colonization. The root characters like numbers and diameter of 1st and 2nd order root were measured with three root bits in each (of the five) replicate and the root hairs number and diameter were also measured with root bits of 1 cm size. These root characters were measured by keeping the fresh or fixed root bits in a clean glass slide with cover glass over it in an Olympus BX 51 bright field microscope (910) fitted with a calibrated ocular scale. The total root length was determined according to Newman [13] .
Preparation of Roots for Endophytic Fungal Assessment
Fixed roots were washed, cut into 1-cm fragments, cleared in 2.5% KOH at 90°C, acidified with 5 N HCl and stained with trypan blue (0.05% in lactoglycerol) overnight. The percentage of root length colonized or containing different DSE and AM fungal structures was quantified according to McGonigle et al. [14] .
Statistical Analysis
All the data were subjected to one-way or two-way analysis of variance (ANOVA) after testing the data for homogeneity (Levene's test) using SPSS (version 16.0). Means were compared with Duncan's multiple range test (P \ 0.05). The data on AM and DSE fungal colonization were arcsine square root transformed prior to statistical analysis. Pearson's correlation coefficient was calculated to assess the relationship between plant growth parameters, AM and DSE fungal variables.
Results and Discussion
Plant Growth Promotion
The results of this study show the potential and feasibility of using the DSE fungus, N. haematococca to improve plant growth under drought stress as inoculation of this fungus significantly and positively improved all the growth parameters of tomato under water limiting condition (Table 1) . This is in accordance with studies where inoculation of DSE fungi has been shown to improve the growth of tomato and other plant species under normal or stressed conditions [1, 15] . Fungal inoculation increased plant height (Table 1 ) similar to the observations reported in rice (Oryza sativa L.) [16] [15] where the stem thickness of tomato failed to vary with inoculation of three different unidentified DSE fungi, the stems of N. haematococca inoculated tomato plants in the present study was thicker over the different controls (Table 1) .
Leaf Characteristics
The leaf characteristics of the negative control plants were higher compared to the positive control plants ( Table 1) . The influence of carrier talc on plant growth appears to be an indirect effect as its application to soil or culture medium has been shown to affect soil fungal and bacterial populations variedly [18] . Tomato plants inoculated with N. haematococca had more leaves, leaflets per leaf and leaf area (Table 1 ). This positive influence of N. haematococca on tomato leaf characteristics is similar to those observed by Vergara et al. [15] for DSE fungi colonized tomato. Many DSE fungi including Fusarium are known to produce phytohormones that affect leaf development [19] . Moreover, Vergara et al. [15] speculated that the increased cell division and cell enlargement due to higher K and N contents were responsible for the increased total leaf area of DSE fungi colonized tomato plants. 
Root Characteristics
Under drought stress, overall root characteristics of tomato plants differed significantly (Table 2) . Of these, total root length, the diameter of primary roots, numbers and diameter of 2nd order lateral roots, root hair numbers and length varied significantly with different treatments. While the number and diameter of 1st order lateral roots and root hair diameter were not influenced by N. haematococca inoculation (Table 2) , an increase in root length is also reported in Epimedium wushanense T. S. Ying inoculated with DSE fungi [20] . These observations are in direct contrast to a study where inoculation of the DSE fungus DSE48 reduced the root length and thickness of the tomato plant [21] . Likewise, the number and length of root hairs of N. haematococca inoculated plants was significantly higher when compared to both the controls ( Table 2 ). Though the effect of DSE fungi on root hair characteristics is unknown, Vergara et al. [16] speculated that the increased root biomass and nutrient uptake in DSE fungi inoculated rice was due to more lateral and secondary roots and root hairs. Changes in root architecture by N. haematococca clearly suggest that DSE fungi can modulate root architecture like the mycorrhizal fungi thereby increasing the efficiency of the plant root systems.
Biomass
Root and shoot dry weights were found to be significantly higher for N. haematococca inoculated plants than the control plants (Table 3) as shown in recent studies by Vergara et al. [15, 16] and in the meta-analysis on plant growth response to DSE fungal inoculation [1, 22] . In contrast, some studies have reported a neutral or negative response for shoot biomass of DSE fungal inoculated plants [1] . Although different mechanisms like the facilitation of nutrient uptake by the host plant, increased synthesis of phytohormones (abscisic acid), protection against soilborne pathogens and modification of the antioxidant activities [1, 15, 16] have been speculated for the DSE fungal mediated plant growth, the actual mechanisms behind this are rather unclear.
R/S Ratios
One of the strategies plants often adapt to water or nutrient limiting conditions is to increase in their R/S ratios to capture more resources [23] . Drought stress increased the R/S ratios of N. haematococca inoculated tomato plants compared to control plants (Table 3 ). This clearly shows that N. haematococca inoculated tomato plants portioned more resources to the roots than uninoculated plants. The allocation of more resources to increase root growth during drought stress in different plant species is dependent upon various plant and environmental factors [23] .
DSE Fungal Colonization
Though N. haematococca inoculation failed to significantly affect the percentage of root length with moniliform hyphae and microsclerotia it positively influenced root length with dark septate hyphae and total colonization under water stress (Fig. 1a) . Contrarily drought negatively affected DSE fungal colonization in citrus (Citrus tangerina Tanaka) [24] and sorghum [17] . In the present study, the negative carrier effect on DSE colonization observed is in line with Walter et al. [25] who showed that the properties of the inoculum including the carrier can affect the soil colonization by the fungus Trametes versicolor (L.) Lloyd.
Native AM Fungal Colonization
Contrary to the observations where exudates of Fusarium sp. significantly inhibited mycorrhizal development [26] , the decline in total root colonization or the root length containing different AM fungal structures of the indigenous AM fungi in N. haematococca inoculated tomato roots under drought stress was not significant (Fig. 1b) . Moreover, the lack of DSE fungal influence on native AM fungi is also evidenced by the lack of correlation between these fungal variables (Table 4 ). This is similar to studies where a lack of response in AM colonization to DSE fungal inoculation has been reported [27] . In contrast to other AM fungal structures, the percentage root length with hyphal coils was significantly higher for N. haematococca inoculated plants (Fig. 1b) . Like arbuscules, hyphal coils are modified fungal hyphae that provide a large interfacial area for resource exchange between the symbionts [3] .
Proline Content
Proline content in roots and shoots of tomato was significantly influenced by N. haematococca inoculation (Fig. 2) . This is in accordance with Bayat et al. [28] who showed that Festuca arundinacea plants infected by Neotyphodium coenophialum accumulated more proline in their shoots than uninfected plants under drought. Generally, plants proline content increases under stress conditions to maintain the osmotic potential and is a reliable indicator of environmental stress in tomato [29] . Therefore these observations clearly establish that proline accumulation play an important role in DSE fungi mediated alleviation of stress tolerance in plants [30] .
Conclusion
From the observations of the present study, it could be concluded that inoculation of the DSE fungus N. haematococca may induce tolerance in the host plants. Synthesis of secondary metabolites is one of the important defense mechanisms in plants and some evidence also show that secondary metabolites associated with DSE fungal association could modulate plant growth under drought stress conditions. The present study clearly demonstrated for the first time that N. haematococca symbiosis can enhance tolerance of the tomato plants against drought stress. The study also highlighted that in spite of improving plant growth and proline accumulation; N. haematococca inoculation did not adversely affect mycorrhizal association in tomato plants under stress conditions. As a result, N. haematococca inoculation could serve as an effective tool for improving crop production under drought stress. Nevertheless, this has to be tested using different crop species and diverse soil types. 
